Strong gap-junctional coupling can synchronize the electrical oscillations of cells, but we show, in a theoretical model, that weak coupling can phase lock two cells 1800 out-of-phase. Antiphase oscillations can exist in parameter regimes where in-phase oscillations break down. Some consequences are (i) coupling two excitable cells leads to pacemaking, (ii) coupling two pacemaker cells leads to bursting, and (ii) coupling two bursters increases burst period. The latter shows that details of the fast spikes can affect macroscopic properties of the slow bursts. These effects hold in other models for bursting and may play a role in the collective behavior of cellular ensembles.
Strong gap-junctional coupling is well-suited for imposing synchronization on electrically active cells such as neurons or heart pacemaker cells. Here we demonstrate that weak coupling can lead to qualitative changes in electrical activity and can dramatically expand the repertoire of available behaviors. The core phenomenon is the emergence of action potentials that are 1800 out-of-phase (or antiphase) when two oscillatory, or excitable nonoscillatory, cells are weakly coupled. In the context of bursting oscillations, the development of antiphase oscillations on the microscale of spike activity has consequences for the macroscale of the bursts; weak coupling can significantly increase burst period and bursting can be induced in tonically spiking cells.
THEORETICAL MODEL
We illustrate with a model that is representative of a class of models called "square-wave bursters" (1) . The model used here is a simplified version of a biophysically based model for bursting in pancreatic f3 cells (2) . Other examples include a model for thalamic neurons (3) and another based on a model for barnacle muscle fibers (4) . A typical square burster time course is shown in Fig. 3A .
The equations are dV T -= -Iin(V) -Iout(V, n) -g5S(V -VK) + I [1] dt dn T-= A(n -n).
[2] dt Eq. 1 is the current balance equation for the membrane potential V. The V-dependent ionic currents include a fast inward (Na+ or Ca2+) current 
RESULTS
We demonstrate first the basic phenomenon of antiphase spiking by considering nonbursting cells (i.e., we hold S fixed in Eq. 1). For S = 0.15, an isolated model cell is a spontaneously spiking pacemaker. If two such identical oscillating cells are coupled electrically and are precisely in-phase, no current will flow between them. Their time courses will remain in-phase and will satisfy the single cell equations. If the coupling is weak, however, this in-phase solution may be unstable and the slightest perturbation will destroy the synchrony, leading to a new spike pattern with the cells 1800 out-of-phase (Fig. 1) .
The antiphase action potentials are of smaller amplitude because each cell receives hyperpolarizing input at its peak and depolarizing input at its minimum. The minimum is affected more than the maximum since gc is larger compared to the other conductances when the membrane potential is more negative. The reduction in amplitude is accompanied by a reduction in period (from -190 to 120 ms) primarily because the spikes are initiated from a depolarized level where the time constant is smaller.
The process is reversible; if coupling is removed the cells will revert to their individual oscillation (although they will be out-of-phase). Alternatively, increasing gc sufficiently will destabilize the antiphase solution, restabilize the single-cell solution, and synchronize the cells. (Fig. 1, right are then relative to a typical conductance. I is the nondimensional applied current (Fig. 2 only) . the antiphase solution. Resynchronization is much faster because gB has been increased by a factor of 3. If an isolated cell is hyperpolarized by fixing S at a large enough value, it is no longer self-oscillatory, but it remains excitable. When a stimulating current is applied, the cell fires repetitively; firing ceases once the stimulus is withdrawn (Fig. 2) When two identical bursters are coupled with gc = 0.06 and started in-phase, they initially follow the single-cell bursting solution (Fig. 3B ). This behavior is unstable, however, and a new stable burst pattern emerges during the second burst with smaller amplitude, higher frequency, antiphase spikes (Fig. 3C) . The amplitude of S, and consequently the burst period, are substantially increased. As shown in Fig. 2 Fig. 3 ; if the cells differ slightly, the period can even decrease. This is significant because one often assumes for simplicity that the fast time scale phenomena can be averaged out or ignored when studying bursting (9) . While that approach is often justified, the properties of oscillators can depend on the existence of spikes as opposed to a simple plateau.
For our final example, we consider a case in which coupling converts tonic spiking cells to bursters. In an isolated cell, reducing A increases the spike amplitude, and bursting may give way to large-amplitude spiking, which can be viewed as bursts with one spike (Fig. 4, left arrow) . This beating solution is similar to the early spikes of Fig. 1 , except there S is constant, while in Fig. 4 
DISCUSSION
Summarizing, we see that weak gap-junctional coupling can give rise to antiphase oscillations (Fig. 1) , which extend the parameter ranges for oscillatory behavior beyond those of isolated or strongly coupled cells (Figs. 2 and 3) . Modulation of coupling conductance can then switch the behavior of the two cells between silent and oscillatory (Fig. 2) or between simple oscillations and bursting (Fig. 4) .
The idea that electrotonic coupling can lead to antiphase oscillations is counterintuitive. Rather, one often thinks of reciprocal activity as resulting from mutual inhibition through the mechanism of postinhibitory rebound (10, 11) . Indeed, because gap-junctional current is hyperpolarizing when the neighboring cell has a more negative potential and depolarizing when the neighbor has a higher potential, one expects coupling to equalize the cells' potentials. This is the case when coupling is strong, but it need not be so when coupling is weak. One way to predict the effect of weak coupling between oscillators is to examine the average coupling current over a period (12) . When seen here. Moreover, examples of antiphase oscillations can be found in neuroscience (15) and chemistry (16) , and mathematical analysis indicates that they are a likely consequence ofweak diffusional coupling under certain conditions (17, 18) . Finally, although we have only shown results here for cell pairs, we have seen period extension in large ensembles of electrically coupled bursters (19) , including cases in which substantial channel noise is present (20) . Indeed, since it is harder to synchronize large ensembles, the period-extension effect persists for much larger values of coupling conductance. With many deterministic cells, the spikes are not antiphase; rather, the phase relations drift in a complicated, possibly chaotic way (compare to ref. 21) .
We conclude with some speculations about possible applications of the rhythmogenic phenomena discussed here to neuronal networks.
If two neurons provide synaptic input to one target cell, antiphase oscillations would yield a smoother signal than in-phase oscillations. Lewis (15) 
